Introduction
Neurofibromatosis type 1 (NF1) is an autosomal dominant genetic condition caused by a mutation in, or a deletion of, the NF1 gene located within the long arm of chromosome 17. More than 250 mutations have been identified in affected individuals. The gene product -neurofibromin -serves as a tumor suppressor. The estimated incidence of NF1 is 1:3000 [1] .
Clinical diagnosis of NF1 is established in the presence of at least 2 of 7 criteria: (1) six or more café-au-lait spots or hyperpigmented macules greater than or equal to 5 mm in diameter in children younger than 10 years and to 15 mm in adults, (2) axillary or inguinal freckles, (3) two or more typical neurofibromas or one plexiform neurofibroma, (4) optic nerve glioma, (5) two or more iris hamartomas (Lisch nodules), (6) sphenoid dysplasia or typical long-bone abnormalities such as pseudarthrosis, (7) first-degree relative with NF1 [2] .
Renal artery stenosis secondary to fibromuscular dysplasia and other vascular lesions, also in the central nervous system (CNS), such as vascular ectasias, stenoses, moyamoya disease, and aneurysms, are reported more frequently in patients with NF1 than in general population [3, 4] . Rarely, coronary artery aneurysms are identified in symptomatic or even asymptomatic individuals with NF1 [5] .
Available literature contains mainly case reports concerning CNS vasculopathy. To our knowledge, there are only three papers based on the bigger material [6] [7] [8] . The purpose of this study is to assess the presence of anatomical variants and vascular abnormalities in cerebral arteries in children with NF1 on magnetic resonance angiography (MRA) in a group of 67 children with NF1.
Materials and methods
The material consisted of 67 children with NF1 diagnosed according to the above mentioned National Institute of Health Criteria Consensus Conference, aged between 9 months and 18 years (mean age 6.6 years). There were 35 boys and 32 girls in this group. The control group consisted of 90 children aged 2-18 years, mean age 11.8 years (53 girls, 37 boys). The children included in the control group had no signs of CNS injury and were referred to magnetic resonance imaging (MRI) only because of headache.
All the children were examined at a 1.5 T scanner (GE Signa HDxt) with a 16-channel head coil. The protocol included the following sequences: SE/T1-weighted images (T1WI) in axial plane; FSPGR/3D/T1WI, sagittal; FSE/T2WI, axial, coronal; FLAIR/ axial; GRE/T2*WI, axial; DWI. Children with NF1 underwent orbital magnetic resonance imaging (MRI) as well with IDEAL/ T1WI, axial and FSE/T2WI + fatsat, coronal. The gadoliniumbased contrast medium was administered, if necessary, in patients with NF1 in a standard dose of 0.1 mmol/kg. Magnetic resonance angiography was performed in 3D/TOF/ SPGR sequence without contrast medium administration. The sequence parameters were as follows: repetition time TR = 25 ms, echo time TE = 3 ms, number of acquisitions NEX = 1, matrix MX = 384 Â 224, field of view FOV = 22 Â 16.5 cm, slice thickness/interslice gap ST = 1.4/À0.7 mm.
All the examinations were a part of routine clinical work-up of the patients -NF1 patients were included in the study when MRI was requested by the referring oncologist. Magnetic resonance angiography was additionally included to the routine protocol of brain MRI in children with NF1 for the purpose of this study. It made the whole examination 7 min longer. Magnetic resonance angiography was ordered by the referring neurologists as an addition to brain imaging in children included in the control group.
The institutional Bioethics Committee approval for this study was obtained. The one-sided binomial test for two proportions, McNemara two-sided significance test and Pearson correlation were used for statistical analysis of the data.
Results
Cerebral arteriopathy was defined as any abnormality of the intracranial arterial system that could not be considered as normal variant [7] . In the study group, one child (1.5% with 95% confidence interval [0.07%, 9.13%]) showed the signs of cerebral arteriopathy and was diagnosed as moyamoya disease (Fig. 1) . We found no aneurysms in the study group and control group. Twenty-nine children with NF1 (43.3%), 16 boys and 13 girls, turned to have arterial anatomical variants of the circle of 
Willis (Figs. 2-4)
. Table 1 shows diagnoses and number of cases. In 13 patients, more than one anatomical arterial variant was diagnosed (44.8% of the group with variants, 19.4% of the study group).
In the control group, 19 children (21.1%) had arterial variants (see Table 1 for details). In 4 patients from the control group, more than one variant was diagnosed (21% of the group with variants, 4.4% of the control group). 
The presence of arterial variants was compared between the two groups by using the one-sided binomial test for two proportions. Arterial variants were more common in NF1 patients compared with those from the control group ( p = 0.026).
Even though the percentage of multiple arterial variants was higher in the study group than in the control group, this difference did not reach statistical significance in binomial test for two proportions ( p > 0.05).
We found vascular variants more often on the left side (n = 17) than on the right (n = 8) in the control group ( p = 0.022, McNemara two-sided significance test). We did not observe the increased prevalence of the vascular variants on any of the sides in the study group: there were 25 variants on the left and 22 on the right. Right-sided variants were more frequent in NF1 group compared with control group ( p < 0.0001). Left-sided variants were only a little bit more frequent in NF1 group compared with control group (one-sided p = 0.0228).
We also checked the correlation of the other MRI findings typical for NF1 with arterial anatomical variants. In 39 patients from the study group (58.2%), so called ''unidentified bright objects'' (UBO) were detected. Both UBO and arterial variants were observed in 19 patients -48.7% of the patients with UBO had also arterial variants. In the remaining group of 28 patients without UBO, 12 (42.8%) showed the presence of arterial variants.
Optic gliomas were detected in 11 patients from the study group (16.4%). Arterial variants were present in three children with optic gliomas. Most of the arterial variants were observed in children without these tumors (n = 27).
Statistical analysis of these results was performed using Pearson correlation and two-sided significance test. Statistically significant correlation was found between the presence of UBO and optic glioma in NF1 patients ( p = 0.016). There was no correlation between gender and presence of arterial variants, between UBO and arterial variants and between optic gliomas and arterial variants.
Discussion
The previous, few publications concerning cerebrovascular anomalies in children with NF1 are not comparable with our study. In the first of them, by Rosser et al. [6] , brain MR examinations of 316 children were retrospectively reviewed. Eight of these patients had brain abnormalities indicating vascular pathology and these 8 patients only underwent MRA. Seven of them showed signs of cerebral arteriopathy as defined above; in the eighth patient an anatomical variant was found (hypoplastic right internal carotid artery) [6] . In the second paper, by Cairns and North [7] , brain MRI was performed in 144 patients with NF1. Seven of these children underwent MRA which revealed cerebral arteriopathy (arterial stenosis or occlusion in 7 cases and moyamoya in 5). In the third paper, by Rea et al. [8] , 266 patients underwent brain MRI, (35 of them -MRA). Seventeen children showed the signs of cerebral arteriopathy: two on MRI only, and 15 -on MRI and MRA. Also in that paper, anatomical vascular variants were not assessed. The presented study was planned as a prospective one for the years 2009-2011 at the Institute of Mother and Child in Warsaw, a tertiary referral center for patients with NF1. Over this period, all NF1 patients referred to brain MRI had MRA performed as well.
Magnetic resonance angiography has been shown to be well suited to investigate the circle of Willis providing both morphological and hemodynamic information. The latter, concerning blood flow direction, is possible to obtain by means of 2D phase-contrast sequences of which one is phase encoded in the anteroposterior direction and the other in the left-right direction [9] . In our study, we did not assess flow direction and only morphological data were analyzed. Time-of-flight MRA which was applied in our study is easy to perform and does not require any contrast media, which is associated with lower costs and no adverse effects. Its main disadvantage is low sensitivity to slow and turbulent blood flow, because of intravoxel dephasing and spin saturation. However, its diagnostic performance has been proved in many previous studies [10] and its value as a screening method is well established. Its usefulness to visualize vessel patency of the circle of Willis and first order branches in children independent of age has been shown many years ago. In the beginning of its use, the time of this sequence was quite long and made the whole examination as much as even 20 min longer [11] . Currently, also in our study, the extra time needed to perform MRA was no longer that 7 min.
As stated above, one of our patients from the study group (1.5%) showed the signs of cerebral arteriopathy, defined as any abnormality of the intracranial arterial system that could not be considered as normal variant [8] . In this patient, we found stenosis/occlusion at the terminal portion of the right internal carotid artery resulting in abnormal weak signal from the right middle and anterior arteries with abnormal vascular network in the vicinity of the occlusive/stenotic area -features of moyamoya disease (Fig. 1a-c) . They were not accompanied by the ''ivy'' sign on FLAIR images although lack of normal flow void of middle cerebral artery and A1 and flow voids of abnormal tiny vessels were observed on FLAIR and T2-weighted images (Fig. 1c) . The reported prevalence of cerebrovascular abnormalities in NF1 children in the literature is higher: from 2.5% [5] up to 6% [8] . In the latter, it is even stated that this number (6%) is likely an underestimate. As mentioned above, only a part of these patients underwent MRA. To our knowledge, our study is the first prospective one assessing the prevalence of cerebral vasculopathy in NF1 children with MRA and our results do not confirm such high estimates. This is an important finding as childhood arteriopathy implies the risk of early stroke as a complication and may require antiplatelet therapy to lower the risk of neurological sequelae or even surgical intervention [8] . Cerebral vasculopathy, if present, can produce serious complications and contribute to mortality at younger ages [12] .
Instead, we found high frequency of anatomical arterial variants in the study group which were present in as many as 43.3% of the patients with NF1. Almost in half of this subgroup (44.8%) MRA revealed multiple anatomical variants (Figs. 2-4) . We did not find the reports in the literature concerning the prevalence of these variants in NF1 population, only case reports [13, 14] .
The definitions of circle of Willis variants have been described in previous publications [9, 15] . The fetal configuration of circle of Willis is defined as P1 smaller than posterior
communicating artery with ipsilateral P2 supplied by internal carotid artery via posterior communicating artery [15] . Hypoplasia or absence of the arteries is also considered as anatomic variations with hypoplasia defined as vessel diameter smaller than 0.8 mm [9] . In pathological literature, hypoplastic vessels are defined as having external diameter smaller than 1 mm [16] . There are also publications in which the assessment of vessels' diameters is based on visual inspection: A1 hypoplasia is diagnosed when the artery is assessed as very thin and showing a great difference from the contralateral one, and P1 hypoplasia -when its diameter is assessed as clearly smaller than that of posterior communicating artery at the junction [17] . In our study, visual inspection according to the above mentioned criteria was the basis of the observations. Tortuosity, kinking or coiling are also included in the morphological variations of internal carotid artery, although they can be acquired as well. They are found in infants and even in fetuses, and are thought to be congenital, frequently ascribed to embryological causes [18, 19] . Internal carotid artery is formed from the third aortic arch and dorsal aorta so in the embryo it is normally kinked. The vessel straightens when the fetal heart and large vessels recede in the thoracic cavity. If the embryological state persists, it produces undulations, loops, and kinks [20] .
During the same period, we examined a group of 90 children who had no signs of CNS injury and suffered from headaches. These children constituted the control group in which the frequency of anatomical arterial variants was significantly lower (21.1%). Multiple variants were detected in 21% of this subgroup; those variants were rarer, but the difference of frequency of multiple variants between the study and control groups did not reach statistical significance. Koelfen et al. [11] in their study of 140 children demonstrated anatomic variations in 15% of patients on MRA.
Posterior cerebral artery originating from the internal carotid artery was found the most often in our study group (Figs. 2-4) . In an MRA study of 100 healthy individuals, this variant was found in 13% [21] .
Posterior communicating artery hypoplasia was the second most frequent anomaly in the study group (Figs. 2-3 ) and the first one in the control group. This is in accordance with the existing literature: in the above mentioned paper it was noted in as many as 21% of the healthy subjects [21] . In the autopsy study of 1 000 brains, posterior communicating artery was absent in 1% and hypoplastic in 13.2% while the anterior communicating artery was absent in 1.8% [22] . No abnormalities of anterior communicating artery were found in our material.
The arterial variants revealed by MRA in our patients were not life-threatening and did not require any treatment. Nevertheless, the normal arrangement of the circle of Willis is of high physiologic significance. If one of the arteries supplying the circle of Willis or one part of the circle is hypoplastic, stenosed or occluded, blood flow from the other vessels can often preserve the cerebral perfusion well enough to avoid ischemia. The main role in this aspect is attributed to the anterior communicating artery, posterior communicating artery is considered as less important [23] .
We did not observe the increased prevalence of the arterial variants on any of the sides in NF1 children. As opposed to the findings of Macchi et al. [21] who found that anomalies (in general population) occurred more commonly on the left than on the right side, we showed 25 variants on the left and 22 on the right in our study group. However, in the control group our results were similar to those of the above mentioned authors: there were 17 anatomical arterial variants on the left side versus 8 on the right. Interestingly, the arterial variants in NF1 patients in our material were more frequent on the right side as compared to the control group and general population.
In some papers, statistically significant correlation has been found between anatomical variations of anterior cerebral artery, posterior cerebral artery and posterior communicating artery and development of anterior communicating artery and internal carotid artery aneurysms [17] . Thus, the increased incidence of arterial variants shown in our material may be associated with increased risk of aneurysms formation in NF1 patients described by other authors.
Conclusions
1. The occurrence of arterial anatomical variants in NF1 patients was twofold higher than in general population which was statistically significant. 2. In the study group multiple anatomical variants were more frequent than in the control group although the difference did not reach statistical significance. 3. The prevalence of cerebral arteriopathy in children with NF1 was 1.5% in our material which is rarer than estimated in other, few papers.
